Abstract Hematopoietic stem cells (HSC) are the most welldefined stem cell population and have provided invaluable understanding of tissue-specific stem cell development and functions. Aberrant proliferation and differentiation of HSCs cause various hematologic malignancies. Studies have established that within the bulk leukemic population, there are malignant leukemic stem cells (LSCs), which can give rise to leukemia through serial transplantation. LSCs possess similar properties like HSCs, and they can both undergo self-renewal and differentiation. Similarly, HSCs and LSCs both remain in a quiescent state to prevent exhaustion due to proliferation. These processes are tightly regulated by different signaling pathways. Class IA phosphoinositide 3-kinase (PI3K)-mechanistic target of rapamycin complex (mTORC) pathway is a key pathway in regulating HSCs as well as LSCs. In this review, we focus on recent developments regarding the role of different components of the PI3K-mTORC pathway in regulating HSC and LSC functions.
Introduction
The hematopoietic system has been considered the model paradigm to study the properties and functions of stem cells as well as understanding their contribution to diseases. Hematopoietic cells contribute to different physiological processes as well as protect the body by mounting immune responses against different pathogens. The hematopoietic system is composed of a vast network of cells that are part of a definitive functional hierarchy. The HSCs reside at the apex of this hierarchy and under steady-state conditions; most of the adult HSCs are maintained in the quiescent state [1, 2] . In response to various signals, HSCs differentiate to multipotent progenitors, which in turn, progressively differentiate into more lineage-committed effector cells. In order to maintain hematopoiesis throughout ones' lifetime, the HSCs have to undergo self-renewal, differentiation, and proliferation and maintain a distinct metabolic profile. These processes are regulated by a host of signaling networks, and deregulation of these networks results in various hematologic malignancies. Hematologic malignancies arise from aberrant proliferation and differentiation of hematopoietic cells and can be initiated by LSCs. LSCs are functionally defined as the leukemic cells, which can propagate disease through serial transplantation. LSCs have been implicated in the persistence of acute myeloid leukemia (AML) and relapse in patients [3] . Like HSCs, LSCs have the ability to self-renew and differentiate, and maintenance of LSCs is dependent on their metabolic profile [4, 5] . One of the pathway that has been identified as a key player in the regulation of HSCs and LSCs is the PI3K-Akt-mTORC pathway.
Components of the PI3K-Akt-mTORC1 Pathway
Mechanistic target of rapamycin (mTOR) is a serine/threonine complex that can be divided into two distinct complexes, mTOR complex1 (mTORC1) and mTOR complex2 (mTORC2) [6] . mTORC1 activity is primarily regulated by class IA phosphoinositide 3-kinases (PI3Ks) [7] . PI3Ks are dimers formed by regulatory (p85α, p85β, p55α, p55γ, and p50α) and catalytic (p110α, p110β, and p110δ) subunits [8] . Following activation by upstream signals, which include growth factors, nutrient status, and oxygen level, PI3K is recruited to the cell membrane where it converts phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) [7] (Fig. 1 ). PIP3 recruits 3-phosphoinositide-dependent protein kinase-1 (PDK1) and Akt to the plasma membrane where PDK1 phosphorylates T308 and activates Akt [9] (Fig. 1) . The primary negative regulators of PI3K-mTORC1 pathway are phosphatase and tensin homolog (PTEN), tuberous sclerosis 1 (TSC1 or tuberin), and tuberous sclerosis 2 (TSC2 or harmatin). PTEN converts PIP3 to PIP2 and subsequently inhibits the recruitment of PDK1 to the plasma membrane [10] [11] [12] . TSC2 is a GTPase-activating protein [13] , and it is associated with TSC1 for inactivating the small G protein Ras homolog enriched in brain (Rheb) [14] . Akt phosphorylates TSC2, which results in binding of TSC2 to 14-3-3 and subsequent reduction in GAP activity of the TSC1/TSC2 complex [15] [16] [17] . Withdrawal of TSC-mediated inhibition results in increased GTP-bound Rheb levels [14, 15] (Fig. 1) . GTPbound Rheb phosphorylates and subsequently activates mTORC1. Activated mTORC1 phosphorylates the translational regulators eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1 (S6K1). Hypophosphorylated 4E-BP1 binds to eIF4E and prevents its interaction with eIF4G. Phosphorylation of 4E-BP1 results in dissociation from eIF-4G and subsequent initiation of translation by recruitment of eIF-4G to the 5′ cap structure of mRNA. S6K1 is phosphorylated on Thr-389 residue by mTORC1 followed by phosphorylation on Thr-229 by PDK-1 [18] [19] [20] . mTORC1 also regulates mTORC2 activation through activating S6K1. Following activation by mTORC1, S6K1 inhibits mTORC2-dependent Akt activation on Ser-473 ( Fig. 1 ). S6K1 phosphorylates rictor on Thr-1135 and mSIN1 on Thr-86 and Thr-398, which results in reduced phosphorylation of Akt on Ser-473 [21, 22] . Apart from mTORC1, activation also regulates the activity of Foxo group of proteins. The Foxo group of transcription factors regulate transcription of genes involved in cell-cycle Fig. 1 The class IA phosphoinositide 3-kinase (PI3K)-mechanistic target of rapamycin complex (mTORC) signaling pathway. In response to growth factors and mitogenic stimuli, phosphatidylinositol (4,5)-bisphosphate (PIP2) is converted into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) by phosphoinositide 3-kinases (PI3K) activity. PTEN acts as a negative regulator of mTORC activity by converting PIP3 to PIP2. Akt binds to PIP3 allowing 3-phosphoinositide dependent protein kinase-1 (PDK1) to access the activation sites of Akt. Following phosphorylation by PDK1, activated Akt phosphorylates and inhibits tuberous sclerosis 2 (TSC2)-mediated inhibition of Rheb. Activated Rheb subsequently phosphorylates and activates mTORC1. Activated mTORC1 phosphorylates the translational regulators eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1 (S6K1). On the other hand, mTORC2 acts an activator of Akt by phosphorylating it on Ser-473. S6K1 exerts an inhibitory effect on mTORC2 thus negatively regulating Akt phosphorylation. Foxo family of transcription factors translocate to nucleus and regulate gene expression. Akt phosphorylates Foxo group of transcription factors and facilitates their nuclear export by sequestering them within the cytoplasm arrest, apoptosis, and reactive oxygen species (ROS) detoxification. Activated Akt phosphorylates Foxo group of proteins on highly conserved sites. In the nucleus, phosphorylation of Foxos creates a binding site for the chaperon protein 14-3-3. Binding of 14-3-3 to Foxos masks their nuclear localization signal (NLS), thus facilitating their removal from the nucleus and suppressing Foxo dependent gene transcription [23] (Fig. 1) . Binding of 14-3-3 to Foxos also exposes their nuclear export signals and promotes export of Foxos from the nucleus to the cytoplasm [24] .
Effect of Inhibition of mTORC1 Activity on HSCs
Inhibition of PI3K pathway has been shown to cause substantial functional defects in HSCs. Deficiency of p85α subunit of PI3K complex in fetal liver HSCs results in reduced long-term engraftment and differentiation of HSCs (Table 1 ) [25] . Deficiency of either Akt or Akt2 does not impair HSC development and functions suggesting a redundancy of these isoforms of Akt in HSCs. However, deficiency of both Akt1 and Akt2 in fetal liver HSCs as well as in adult young HSCs also results in reduced engraftment in peripheral blood of recipients following serial transplantation (Table 1 ) [26] . Myeloid and lymphoid lineages are also reduced in Akt1-and Akt2-deficient HSC recipients compared to control [26] . Akt1-and Akt2-deficient HSCs have increased quiescence level, and transition of HSCs from the G0 to G1 phase of cell cycle is impaired (Table 1 ) [26] . Downstream of Akt, deficiency of mTOR, a common component of mTORC1 and mTORC2, causes significant reduction in engraftment potential of HSCs [27] . Raptor, a specific component of mTORC1, is expressed in HSCs. Raptor deficiency increases the frequency of shortterm HSCs and progenitors in bone marrow, while the frequency of long-term HSCs (LT HSCs) remains unaffected.
However, raptor-deficient HSCs have reduced ability to reconstitute lethally irradiated recipients following transplantation and they localize further from osteoblast cells inside the bone marrow [28] . In a competitive assay, raptor-deficient HSCs show reduced engraftment potential compared to controls ( Table 1 ). The role of rictor, a specific component of mTORC2, on HSC function has also been described in multiple studies. Two studies have demonstrated that conditional deletion of rictor causes a decrease in engraftment of HSCs following transplantation [28, 29] , which suggests that mTORC2 is required for engraftment and self-renewal of HSC. Downstream of mTORC1, S6K1 has also been identified as a key regulator of HSC maintenance and function. S6K1 deficiency results in reduced number of HSCs. S6K1-deficient HSCs also have reduced quiescence and p21 expression level. Furthermore, S6K1 deficiency also impairs the self-renewal ability of HSCs (Table 1 ) [30••] .
In contrast to genetic approaches, pharmacological inhibition of mTORC1 by rapamycin has yielded opposite results. Inhibition of mTORC1 activity in old HSCs by administering rapamycin results in increased long-term engraftment of HSCs [31] . Treatment of ex vivo expanded murine or human HSCs by rapamycin also results in increase in long-term engraftment in transplant recipients [32, 33] . However, another study showed murine c-Kit+ cells cultured in presence of rapamycin fail to engraft in lethally irradiated recipients [34] . The difference between pharmacological and genetic approaches to inhibit PI3K-mTORC1 activity might be due to the duration of inhibition. In genetic approaches, the prolonged inhibition causes HSC to behave differently than in studies using pharmacological inhibitors. Short-term inhibition of PI3K-mTORC1 pathway by pharmacological inhibitors might cause expansion of functional LT-HSCs in culture. In mice, HSCs undergo proliferation until 3 weeks after birth and return to a more quiescent state by week 4 suggesting agespecific differential requirements of factors regulating quiescence of HSCs [1] . HSCs might require differential mTORC1 activity at different stages of development. Moderate level of mTORC1 activation might be required at early stages to sustain self-renewal and expansion of LT-HSCs. However, mTORC1 activation at later stages could impair the selfrenewal potential of HSCs.
Effect of Hyperactivation of PI3K Pathway on HSCs
In addition to the inhibition of the PI3K pathway, hyperactivation of components of this pathway also results in severe functional defects in HSCs. Conditional deletion of PTEN increases the proliferation and mobilization of adult HSCs [35] . Furthermore, PTEN-deficient adult HSCs display a reduction in engraftment following 6 weeks after transplant. PTEN deletion causes increase in hyperactivation of PI3K pathway in adult HSCs and MPPs. Phosphorylation of Akt at Ser-473 is upregulated in PTEN-deficient adult HSCs, which suggests that PTEN regulates mTORC2 signaling in HSCs. Deletion of rictor causes attenuation of Akt phosphorylation in PTEN-deficient HSCs (Fig. 2) . Moreover, rictor deficiency also leads to reduced proliferation and increased engraftment of PTEN-deficient HSCs [29] . Treatment with rapamycin, but not rictor deletion, attenuates the mobilization of WT HSCs [29] . However, deletion of rictor, but not inhibition of mTORC1, reduces mobilization of HSCs from the bone marrow to the spleen after treatment with G-CSF/cyclophosphamide [29] . These results suggest that mTORC1, but not mTORC2, is the major mediator of HSC mobilization under physiological conditions. However, following loss of PTEN, mTORC2 acts as the regulator of HSC proliferation and mobilization from the bone marrow [29] . Loss of PTEN also results in upregulation of tumor suppressor signaling in HSCs to deplete HSCs in order to prevent leukemogenesis. Expression levels of p16 and p53, both tumor suppressors, are significantly increased in PTENdeficient HSCs. Deficiency of either p16 or p53 increases the engraftment of PTEN-deficient HSCs [36] . Recent evidences suggest that PTEN differentially regulates neonatal and adult HSCs. Conditional deletion of PTEN does not affect the cycling and mobilization of neonatal HSCs. Furthermore, following transplantation, PTEN-deficient HSCs derived from neonates can engraft in recipient up to 16 weeks. The difference in functional properties of PTEN-deficient neonatal and adult HSCs could be attributed to the lack of PI3K-AktmTORC1 hyperactivation in neonatal HSCs following has five and mTORC2 has six protein components. Both complexes share the catalytic mTOR subunit, mammalian lethal with sec-13 protein 8 (mLST8), DEP domain containing mTOR-interacting protein (DEPTOR). Regulatory-associated protein of mammalian target of rapamycin (raptor) and proline-rich Akt substrate 40 kDa (PRAS40) are specific to mTORC1, whereas rapamycin-insensitive companion of mTOR (rictor), mammalian stress-activated map kinase-interacting protein 1 (mSin1), and protein observed with rictor 1 and 2 (protor1/2) is part of mTORC2 complex. In HSCs, rictor phosphorylates and activates Akt on Thr-308 residue. Itpkb exerts its inhibitory effect on PI3K-mTORC1 pathway by inhibiting PI3K activity. In absence of Itpkb in HSCs, Akt-mTORC1 pathway becomes hyperactivated. Inflammatory mediators like IFN-α, TNF-α, and IL-6 act as activators of mTORC1. IFN-α inhibits PTEN activity thus increasing Akt-mediated mTORC1 activation in HSCs. In response to inflammatory stress, TNF-α and IL-6 activates mTORC1, which results in increased cycling of HSCs. PML sequesters mTORC1 to nuclear bodies thus acting as an inhibitor of mTORC1 activity. In absence of PML, mTORC1 activity is increased in HSCs, which corresponds with increased cycling and diminished repopulating ability PTEN deletion. PTEN-deficient neonatal HSCs and MPPs do not show any changes in the activation of PI3K pathway, which suggests that PTEN does not regulate this pathway in neonate HSCs [29] .
In these studies, the mice were in C57BL/6 background and had interferon-α (IFN-α) inducible Mx1 promoter to delete PTEN in HSCs [29, 35, 36] . In a tamoxifen (Tx)-inducible model of PTEN deletion in mice with mixed genetic background, contrasting results were observed. Conditional deletion of PTEN did not cause any increase in proliferation of HSCs in the Tx-inducible model of PTEN deletion [37] . Moreover, the study also could not detect any changes in Akt phosphorylation in HSCs following PTEN deletion. However, in the same study, mice with mixed genetic background and expressing Mx1 promoter also did not show any change in HSC quiescence following PTEN deletion. Although PTEN-deficient HSCs have reduced frequency of functional HSCs, they showed similar engraftment potential compared to controls [37] . The fact that deletion of PTEN by inducing Mx1 promoter yields different functional outcome in different genetic backgrounds underscores the impact of genetic backgrounds on regulating HSC development and function.
Downstream of PTEN increase in Akt activity causes dysfunction in HSCs [38] , and HSCs bearing constitutively active Akt display reduced engraftment following transplantation. Murine HSC-enriched population (Lin-Sca1+ c-Kit+) undergoes increased proliferation along with increased apoptosis following expression of constitutively activated Akt [38] . However, Akt phosphorylation level is not significantly upregulated when WT HSC undergo rapid proliferation, which suggests that Akt activation might be dispensable in cycling HSC [29] . It could be possible that retroviral expression resulted in significantly increased level of activated Akt compared to physiological level of activated Akt present in WT HSC, which had driven the HSC into increased cycling [38] . This suggests that Akt activation might not be required for proliferation of WT HSCs. Conditional deletion of TSC1, a negative regulator of mTORC1, leads to hyperactivation of mTORC1 activity in HSCs. TSC1-deficient HSCs undergo increased cycling, along with increased ROS levels, increased mitochondrial biogenesis and have decreased engraftment potential (Table 1 ) [39] . In HSCs, overexpression of Rheb2, an activator of mTORC1, results in increased cycling and reduced self-renewal (Table 1 ) [40] . Promyelocytic leukemia protein (PML), a tumor suppressor, has also been identified as a negative regulator of PI3K pathway, and it regulates the activation of Akt and mTORC1 (Fig. 2) . Deletion of PML in HSCs results in increased cycling along with a decrease in self-renewal [41] . The quiescent level in Pml−/− HSCs can be restored by inhibiting mTORC1 activity [41] . Overall, hyperactivation of PI3K-mTORC1 results in impaired quiescence and self-renewal of HSCs.
Role of PI3K-mTORC1 Pathway in HSCs Following Inflammatory Responses
The PI3K-Akt-mTORC1 axis regulates signaling of HSCs in response to inflammatory mediators. Tissue inhibitor of metalloproteinase 1 (TIMP-1) acts as a regulator for expansion of human hematopoietic stem and progenitor cell (HSPC). Stimulation of CD34+ HSPCs by TIMP-1 increases the phosphorylation of Akt at the Thr-308 residue, the target of PI3K-mediated Akt activation. Furthermore, pharmacological inhibition of PI3K activity blocks TIMP-1-mediated expansion of human HSPCs [42] . Inositol-trisphosphate 3-kinases (Itpk) phosphorylate inositol (1,3,4,5)-tetrakisphosphate (IP4), which causes subsequent inhibition of Akt activity (Fig. 2 ) [43] . Among three isoforms of Itpk, HSCs express only the Itpkb isoform. Itpkb-deficient LT-HSCs display increased cytokine induced Akt activation. Rapamycin treatment reduces hyperproliferation of Itpkb−/− LT-HSCs as well as decreases mTORC1 activity [44] . Deficiency of Itpkb results in increased absolute number of LT-HSCs and MPPs within the bone marrow [44] . The increase in LT-HSC number is associated with a subsequent decrease in quiescent HSCs in Itpkb −/− mice [44] . Itpkb deficiency also results in deficiency of long-term self-renewal ability of HSCs [44] . Itpkb−/− mice develop hematopoietic disorders with progressive aging, which includes reduced LT-HSCs, MPPS, and HPCs in bone marrow and succumb to anemia [44] . In vivo inflammation also results in increased mTORC1-S6K1 activity in HSCs, which causes reduced bone marrow cellularity and reduction in the functional potential of HSCs [45] . Treatment with rapamycin reverts the defects in HSCs caused by inflammation, which suggests that hyperactivation of mTORC1 negatively regulates HSC function following inflammatory stress [45] . IFNα, a mediator of inflammation, causes loss of quiescence followed by increased cycling of HSCs [46] , which corresponds to a reduction in PTEN expression along with an increase in Akt phosphorylation (Fig. 2) . The inflammatory mediators, while mounting an inflammation response, could force the HSCs to proliferate in order to generate more myeloid cells to increase cells regulating short-term innate immunity. As PI3K-mTORC1 pathway is a critical regulator of HSC proliferation under stead-state, inflammatory mediators cause hyperactivation of this pathway to increase HSC proliferation. However, this also compromises the engraftment and self-renewal properties of HSCs.
Role of PI3K-mTORC1 Pathway in Hematologic Malignancies and in Maintenance of LSCs
The PI3K-mTORC1 pathway is hyperactivated in a large group of AML patients [47] [48] [49] [50] [51] . AML patients with low level of phosphorylated Akt in peripheral blood and bone marrow cells have significantly increased median survival time compared to patients with increased phosphorylated Akt level (59 weeks vs. 30 weeks) [52] . In patients who are ≥60 years old or diagnosed with secondary AML, phosphorylation of Akt has been associated with lack of response to induction chemotherapy [53] . The PI3-K pathway in AML cells can also be hyperactivated because of activation of the IGF-1/IGF-1R autocrine loop [51] .
The p85 regulatory subunit of PI3K regulates c-Kit D814V mutation induced transformation in murine cells and inhibition of p85α activity in oncogenic c-Kit-expressing cells is sufficient to suppress growth and leukemogenesis [54, 55] . Consistently, pharmacologic inhibition of mTORC1, a downstream effector of PI3K, activity is sufficient to inhibit the growth of oncogenic c-Kit-expressing cells [54] . The p110δ catalytic subunit of PI3K is the primarily upregulated PI3-K isoform in AML cells [56] . Treatment of AML cells with a combination of BYL-719 (a p110α subunit inhibitor) and OSI-027 (a dual mTOR inhibitor) results in increased cell death compared to treatment with any single of these two drugs [57] .
Dysregulated PTEN transcript level in AML patients has been associated with increased activation of Akt and poor prognosis in AML patients [58] . Older AML patients, with cells deficient in PTEN expression but positive for the expression of CD44, demonstrate poor overall survival [59] . In adult mice, deletion of PTEN, a negative regulator of PI3K-pathway, results in AML and T-ALL [35] . Pharmacological inactivation of mTORC1 activity in PTEN-deficient mice prolongs their survival, which suggests that PTEN-deficient AML cells require mTORC1 for leukemogenesis [35] . Studies involving genetic approaches have further elucidated the roles of mTORC1 and mTORC2 in PTEN-loss-evoked leukemogenesis. In PTEN-deficient HSCs, deletion of either raptor or rictor increases the median survival time of mice. However, these mice still display signs of myeloproliferative disorder [28, 29] . Interestingly, neonatal mice do not develop T-ALL when PTEN is deleted in HSCs [29] .
Akt is phosphorylated at Thr-308 and Ser-473 in 50-72 % of AML patients [58, 60] . Phosphorylation on either of the residues of Akt is associated with poor overall survival in AML patients. Downstream of Akt, Rheb1 has been found to be hyperactivated in AML patients [61] . In a murine model, deletion of Rheb1 in AML cells impairs the functional ability of LSC and increases mean survival time [61] . In absence of Rheb1, AML cells undergo increased cell cycle arrest and apoptosis. Negative cell cycle regulatory genes are also upregulated in Rheb1-deficient AML cells. Following deletion of raptor, a component of mTORC1, in vivo progression of AML was delayed. [62] . Deficiency of raptor induces apoptosis selectively in differentiated AML cells but not in undifferentiated AML cells, which might have caused the delay in progression of AML in mice [62] . Moreover, activating phosphorylation level of S6K1 in raptor-deficient AML cells was significantly decreased compared to WT AML cells [62] .
Inhibition of S6K1 activity does not affect the initiation of AML. However, S6K1 is required for maintenance of selfrenewal potential of leukemia-initiating cells. In contrast to HSCs, LSC-enriched population have increased quiescence in absence of S6K1 [30••] .
There is also evidence suggesting that oncogenes could regulate mTORC1 activation by bypassing Akt activation. Cells bearing FMS-like tyrosine kinase-3 internal tandem duplication (FLT3-ITD) have increased level of activated Stat5, which results in mTORC1 activation, rendering the cells resistant to PI3K-Akt inhibitor [63] . This study suggests that in AML cells, oncogenic mutations could activate mTORC1 through a mechanism which is independent of Akt activation.
Although there are evidences of hyperactivation of mTORC1 activity in AML, clinical trials with pharmacological inhibitors of mTORC1 have failed to demonstrate broad activity in AML patients. Additionally, the prognostic value of hyperactivated PI3K-mTORC1 pathway in hematologic malignancies depends on the nature and stage of the diseases. AML patients with hyperactive Akt had an increased overall survival and increased relapse free survival compared to patients with reduced Akt phosphorylation at Ser-473 [60] . Increased PI3K activity in immature leukemic cells results in increased number of cells in S phase of cell cycle, which makes the cells more susceptible to chemotherapeutic agents [60] . In a chronic myeloid leukemia (CML) model of Bcr-Abl driven leukemia, Akt activity was shown to be suppressed in LSCs, which resulted in nuclear localization of Foxo3a [64] . LSCs are able to evade stress-induced depletion in a Foxo3a-dependent manner [64] . In contrast, in non-LSC population of CML, inactivation of Akt results in increased Foxo3a activity, which causes cell cycle arrest and apoptosis [64] . In MLL-AF9-expressing AML cells, constitutive activation of Akt results in growth arrest and also causes increased maturation of cells toward myeloid lineage [65] .
The PI3K-mTORC1 pathway might regulate the LSC population by regulating the functions of the Foxo group of proteins. Multiple studies have shown that Foxo group of proteins are a key regulator of propagation of CML and AML [64, 65] . mTORC1 is a critical regulator of Foxo proteins. Foxo3-deficient mice display increased ROS production in hematopoietic progenitor cells, which was associated with increased Akt-mTORC1 activation. Depletion of Foxo1, Foxo3, and Foxo4, which act downstream of Akt, results in diminished LSC activity. Following serial transplantation of AML cells, deficiency of Foxos results in increased median survival compared to control groups [65] . Increased proliferation of myeloid cells has been associated with increased intracellular ROS level [5] . Moreover, increased ROS level have been associated with acquisition of DNA damage and cellular apoptosis [66] . AML cells expressing MLL-AF9 maintain a reduced ROS level [5, 64] . Increased ROS level in MLL-AF9-expressing cells results in DNA damage, which was associated with downregulation of antioxidant genes regulated by Foxo group of proteins [64, 67] . It is probable that similar to hematopoietic cells, in Foxo3a-deficient AML cells, ROS level was increased due to upregulation of Akt-mTORC1 activity. However, Akt-driven Foxo3a activity could also regulate self-renewal potential of LSCs differentially depending on the type of leukemia. For example, Foxo3a regulates selfrenewal potential of LSCs in chronic phase CML but not in blast crisis CML. Deletion of Foxo3a impairs the self-renewal ability of Bcr-Abl-expressing cells. However, in cells expressing both Bcr-Abl and NUP98-Hoxa9, deficiency of Foxo3a does not affect the self-renewal potential of LSC [64] . Overall, these studies suggest that the role of PI3K-mTORC1 pathway in hematologic malignancies should be considered differentially based on the type of and stage of the leukemia.
PI3K-mTORC1 pathway has also been identified as a key pathway that synergizes along with other pathways to maintain LSCs. Treatment of Bcr-ABL-expressing cells with arsenic trioxide results in degradation of PML, a negative regulator of PI3K-mTORC1 pathway and increased cellular proliferation of LSCs. This increase in cellular proliferation is more in LSCs compared to HSCs, which increases their susceptibility to AraC and eradicates LSCs [41] . mTORC1 activity is required to induce AMP-activated protein kinase (AMPK) activation mediated cytotoxicity in AML cells. Hyperactivation of mTORC1 by disrupting TSC initiates the unfold protein response in AML cells, which causes increased cytotoxicity following activation of AMPK. However, activation of AMPK does not induce cytotoxicity in normal hematopoietic cells. These data led to a proposed model in which AMPK and mTORC1 are involved in a synthetic lethal interaction in AML and downregulation of mTORC1 activity might be critical for the survival of AML cells [68] . Circadian rhythm is another key physiologic process that is required to maintain LSCs. Bmal1 is a transcription factor and a key player in regulating molecular clock in mammals [69, 70] . Bmal1 is required for maintenance of LSCs as deficiency of Bmal1 prolongs the survival of mice following secondary transplantation [71] . Circadian oscillation of cellular protein translation is dependent on Bmal1 activity and regulated by S6K1, the downstream substrate of mTORC1. S6K1 rhythmically phosphorylates Bmal1 to regulate circadian protein translation. S6K1-mediated phosphorylation of Bmal1 is necessary to associate with the translation machinery and promote translation [72] . Thus, mTORC1 activity might be critical to sustain protein translation in LSCs and their maintenance. Together, these studies indicate that mTORC1 activation as a therapeutic target could be exploited in LSCs without affecting the function of normal HSCs. However, detailed studies are required to determine the physiologic processes that are regulated by the PI3K-mTORC1 pathway in LSCs and the potential effect of targeting specific molecules downstream of mTORC1 in LSCs.
Role of PI3K-mTORC1 Pathway in Regulating Metabolism in HSCs and Leukemic Cells
Multiple studies have established the importance of metabolic processes in regulation of hematopoiesis and leukemia. Pyruvate, the glycolytic end product, could undergo two potential conversions. Through anaerobic glycolysis, it can be converted to lactate and this step generates two ATPs per molecule of glucose. Pyruvate can be converted aerobically to acetyl-CoA for mitochondrial metabolism. This step generates 36 ATPs per molecule of glucose. Under steady-state, HSCs as well as other hematopoietic subsets have very low level of tricarboxylic acid cycle (TCA cycle), which indicates their dependence on glycolysis to sustain cellular metabolism [73••] Compared to the hematopoietic progenitors or terminally differentiated cells, HSCs display a significant increase in pyruvate level which corresponds with low ATP level it gradually increases as HSCs differentiate [73••] . The conversation of pyruvate to acetyl-CoA is catalyzed by pyruvate dehydrogenase (PDH). The PDH complex have three catalytic subunits, pyruvate dehydrogenase (E1), dihydrolipoamide transacetylase (E2), and dihydrolipoamide dehydrogenase (E3) [74] . PDH kinases (Pdks) phosphorylate PDHs and inhibit their activity. Pdks are highly expressed in murine LTHSCs and PDH-E1 is highly phosphorylated in LT-HSCs compared to hematopoietic progenitors or mature cells indicating suppressed PDH activity in HSCs [73••] . Deficiency of Pdk2 and Pdk4 leads to decreased quiescence, engraftment and self-renewal of HSCs along with a decrease in cellular pyruvate level [73••] . In HSCs, Pdks suppress the influx of glycolytic metabolites into mitochondria thereby restricting generation of ATPs and maintaining metabolic quiescence. In HSCs, increased Akt and mTORC1 activities have been associated with decreased glycolysis and reduced expression of Pdk2 and Pdk4 [75] . However, the exact role of PI3K-mTOTRC1 pathway in regulating the metabolic profile of HSCs has largely been unknown so far.
AML cells are also highly dependent on glycolysis for cellular metabolism [76] . AML blast cells with high glycolysis rate are resistant to chemotherapeutic agent induced apoptosis [76] . MLL-AF9-expressing AML cells are dependent on glucose metabolism and disruption of glucose metabolism by metabolic stress diminishes the activity of LSCs [5] . In PTEN-deficient hematopoietic cells, inhibition of S6K1 activity results in decreased glycolysis and induces apoptosis [77] . S6K1 is also a positive regulator of glycolysis in Bcr-Ablexpressing cells [78] . However, inhibition of S6K1 activity in Bcr-Abl-expressing cells did not result in induction of apoptosis in the cells [78] . In primary AML cells, stromaderived CXCL12 promotes mTORC1 signaling, which results in increased glycolysis in AML cells [79] . However, clinical trials with 2-deoxy-D-glucose (2DG), a pharmacological inhibitor of glycolysis, have been largely ineffective [80, 81] .
Treatment of cancer cells with 2DG reprograms their metabolic profiles via mTORC1-dependent upregulation of multiple metabolic pathways including oxidative phosphorylation, FFA, protein synthesis, as well as purine and pyrimidine synthesis [82••] . The alterations in metabolic profiles in cancer cells help them to generate required anabolic components for cellular growth and proliferation during glycolytic stress. Coinhibition of glycolysis and mTORC1 activity in malignant cells attenuates their growth [82••] . These studies provide strong rationale for targeting metabolic pathways in malignant hematopoietic cells by inhibiting the PI3K-mTORC1 pathway.
Conclusion
From the various studies, discussed in this review, detailing the role of different components of PI3K-mTORC1 pathway, it can be inferred that they form a complex signaling mechanism, which regulates different processes essential for maintenance and functions of HSCs as well as LSCs. Given the importance of metabolic pathways in maintenance of HSCs and LSCs, it is important to further study the role of different components of PI3-K-mTORC1 pathway in regulating different metabolic processes in these cells. Moreover, using genetic approaches and specific pharmacological inhibitors, it is important to understand the role of each individual downstream substrates of mTORC1, S6K1, and 4E-BP1, in regulation of HSCs and LSCs. It is probable that downstream of mTORC1, these two molecules might regulate the HSC and LSC activities differentially. Moreover, as S6K1 negatively regulates Akt activation by inhibiting mTORC2 activity, it is critical to understand the effect of inhibition of S6K1 on HSCs and LSCs.
Although there have been extensive studies regarding the role of PI3K-mTORC1 pathway in HSCs, the role of this pathway in regulating the hematopoietic microenvironment has not been studied extensively. Current evidence suggests that PI3K-mTORC1 pathway plays a role in regulating the hematopoietic niche. In endothelial cells, activation of Akt results in increased frequency of functional HSCs along with an increase in engraftment potential [83] . Multiple studies have shown that most potent functional HSCs reside in the most hypoxic region of the bone marrow [84, 85] . In hypoxic conditions, HIF-1α is a critical mediator of HSC quiescence and function [86, 87] . Given the complex interplay between HIF-1α and PI3K-mTORC1 pathway [88] [89] [90] [91] , further studies are required to determine how this pathway regulates different components of the hypoxic hematopoietic niche and regulates hematopoiesis. Furthermore, leukemic cells interact with the hematopoietic microenvironment and alter the niche to support growth of malignant cells and impairing hematopoiesis. Mesenchymal stem cells (MSCs) derived from patients with myelodysplastic syndrome (MDS) display change in genetic signatures, which can be induced by MDS cells [92] . Development of myeloproliferative neoplasm (MPN) results in expansion of osteoblastic lineage cells (OBC) in the bone marrow [93] . Endothelial cells and osteoblasts also support the growth of leukemic cells [94, 95] . In human, malignant hematopoietic cells, interaction with bone marrow stromal cells promotes survival of LSCs [96] . Bone marrow stromal cells can also protect AML cells from targeted therapy by activating PI3K-mTORC1 pathway [97] . Also, multiple evidences suggest that dysregulation of signaling pathways in hematopoietic niche could also initiate leukemic transformation of HSCs [98] [99] [100] [101] [102] . To develop potential therapeutic interventions targeting the interaction between leukemic cells and bone marrow niche, it is important to determine the role of key signaling pathways that regulate the functions of leukemic hematopoietic cells as well as bone marrow microenvironment. Understanding the role of PI3K-mTORC1 pathway could provide new therapeutic targets to treat the deregulated hematopoietic microenvironment in human hematologic malignancies.
